Introduction
G-protein-coupled receptors recognize a wide variety of extracellular ligands and stimuli. These include hormones, neurotransmitters, neuromodulators, Ca2+ ions, tastants, odorants and photons [l-31. This family of receptors may number over 1000 members and is characterized by a seven-transmembrane-spanning architecture. Signal transmission is initiated by a receptor conformational change induced by ligand binding (e.g. catecholamine binding to an adrenergic receptor) or by a receptor-chromaphore isomerization event (i.e. light activation of the visual pigment rhodopsin). This in turn induces the activation of a coupled intracellular heterotrimeric G-protein via exchange of GDP for G T P on the a-subunit of the G-protein trimer, with a subsequent dissociation of the G-protein trimer into its constituent a-and By-subunits. The a-and [ly-subunits can each modulate the activity of numerous effector proteins such as the nine isoforms of adenylate cyclase [4] , the four phospholipase C /l-isoforms [5] , phosphatidylinositol 3-kinase ;J [6] , retinal cGMP phosphodiesterase [3] and various ion channels [7] and kinases [8] . In addition, certain effectors can be regulated by both r -and Ifi-subunits [7, 9] .
Many proteins participating in G-protein signalling pathways are subject to regulation, thus permitting the system to modulate its own responsiveness. T h e loss of signalling after repeated or prolonged exposure to agonists is termed desensitization [lo] . Our ability to adjust visual gain under varying ambient light conditions, as when exiting a darkened theatre, or the loss in therapeutic efficacy of many drugs after prolonged use, are common examples of this phenomenon. The molecular pathways controlling receptor-specific desensitization involve a family of serine/threonine protein kinases known 
The GRK family
As of this writing, the GRK family comprises six known members which can be grouped into three subfamilies, as shown in Figure 1 [11, 12] . The sequence similarities among the GRKs range from 53 to 93%. Rhodopsin kinase (RK or GRKl) is the sole member of the RK subfamily, while the GRK2 [also called the /)-adrenergic receptor kinase (PARK)] subfamily contains two isoenzymes (GRKZ and 3). 'The GRK4 subfamily, to which the most recently cloned G R K s belong, contains GRKs 4, 5 and 6. All G R K s contain a protein kinase catalytic core flanked by an N-terminus of -185 amino acids and a C-terminus of variable length ( Figure 1 ). Analysis of these three GRK subfamilies has revealed distinct mechanisms of regulated membrane association.
The RK subfamily: an isoprenylated kinase
RK has been localized exclusively to the retina and pineal gland [13] . Cloning and sequencing of a cDNA for RK revealed that the kinase terminates with a CAAX box motif [13] . Subsequent work showed that the Cys""XVa1LeuSer motif, identical with that found in p21"-"'" [ 141, directs the CIS isoprenylation (farnesylation) of Cysssx, proteolytic processing of the terminal -ValLeuSer amino acids, and carboymethylation of the newly exposed a-carboylate of the S-farnesylcysteine ~5 1 .
-
The molecular mechanism of the lightdependent translocation of RK from cytosol to membrane fractions in rhodopsin-rich rod outer segments (ROS) [ 161 is critically dependent upon the farnesylation of RK. This was demonstrated by the inability of a non-isoprenylated RK mutant to become membrane-associated after light-stimulation of ROS, and by the light-independent membrane-associated nature of a C2,, isoprenylated (geranylgeranylated) RK mutant [17] . Because isoprenoid type did not affect the ability of RK to phosphorylate light-activated rhodopsin, the function of the farnesyl moiety may be to allow appropriate temporal localization of RK to the membrane and not to regulate catalytic activity directly. These data favour a farnesyl-isoprenoid-rhodopsin interaction that is light-dependent.
However, additional RK sequence determinants are also required, since artificially farnesylating GRKZ (a normally nonisoprenylated GRK) is insufficient to allow its
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light-dependent translocation to ROS [ 171. In support of this is a recent report [18] describing the isoprenoid-specific interaction with rhodopsin of synthetic isoprenylated peptides, modelled after the C-terminus of the transducin 7-subunit (the visual G-protein). Farnesylated peptides are shown to be more effective at interacting with light-activated rhodopsin than either geranyl (Clc1) or geranylgeranyl (C2,1) peptide derivatives [181*
The GRKZ subfamily: pleckstrin homology (PH) domain-containing kinases
In contrast with RK, the members of the GRK2 subfamily (GRK2 and 3) are expressed in multiple tissue types and probably govern the regulation of many G-protein-coupled receptor subtypes. GRK3 is expressed at relatively high levels in olfactory neurons [ 19,201 and sperm [21] and may function in odorant receptor desensitization and gamete chemotaxis, whereas GRK2 is most abundant throughout the brain and most peripheral tissues [11, 12] . As with RK, GRK2 and GRK3 have been shown to undergo cytosoll membrane translocation in response to a-adrenergic receptor or other G-protein-coupled receptor activation [22] . Experiments with purified G-protein [ly-subunits have demonstrated their ability to enhance the rate and extent of reconstituted P,-adrenergic receptor phosphorylation by GRK2 [8] . GRK2 translocation is proposed to be mediated by membrane-anchored G-protein Ipi-subunits binding to a site mapped to the C-terminus of GRK2 and GRK3 [23] . Thus stimulation-dependent dissociation of G-protein trimers into 2-and /+;-subunits can trigger receptor desensitization through Py-subunit recruitment of GRK2 or GRK3 to actively signalling receptors.
The py-binding domain of GRK2 and GRK3 overlaps with the end of an -100-aminoacid PH domain. PH domains have been found in many proteins which function in signal transduction and cell growth, but the function of the PH domain in these proteins remains uncertain [24] . By-Subunits appear to bind to PH domains from various proteins, suggesting that this interaction may provide a means of anchoring proteins to the membrane via lly-subunits or related proteins. Another ligand found to bind various PH domains is phosphatidylinositol 4,s-bisphosphate (PIP2) [25] . GKK2 has been shown to require both PIPz and /jy-subunits for membrane association and activation [26] . The regulation of the GRK2 subfamily of GRKs is quite different and seemingly more complex than that of RK, and may reflect the higher degree of selectivity in receptor desensitization necessary in a cellular environment where multiple receptor types are present in low abundance. This is in sharp contrast with the situation of RK in the retina, where rhodopsin is expressed at very high levels and may be the only G-protein-coupled receptor present.
The GRK4 subfamily: palmitoylated kinases
GRKs 4, 5 and 6, which comprise a third subfamily of GRKs, are the least well-studied of the GRKs, since all were identified by cloning rather than by functional activity [ 11,121. As opposed to the cytosolic localization of RK and the GRK2 subfamily, the GRK4-like G R K s appear to be membrane-associated in unstimulated cells.
GRK4 mRNA, expressed at significant levels only in testes, is the only GRK transcript known to undergo alternative splicing. Two alternatively spliced regions, a 32-codon sequence in the N-terminus and a 46-codon sequence in the C-terminus, result in four distinct active variant forms of the kinase [27] . GRK.5 is widely expressed, with highest abundance in heart, lung and retina [ 11,121. GRK.5 undergoes autophosphorylation at a site (Ser4x4Thr4xs) that is conserved with RK, but not seen in GRK4, GRK6
and the GRK2-like enzymes [28, 20] . This autophosphorylation has been shown to be stimulated by lipids and appears necessary for GRK.5 activity, since mutation of these residues to alanine greatly diminishes kinase activity towards receptor substrates [28] . GRK6 is also widely expressed [30, 31] . The GRK4 subfamily members do not contain CAAX motifs or PH domains, yet these kinases are membrane-associated. Metabolic labelling of GRK4, 5 and 6 with tritiated palmitic acid revealed that GRK6 and the four splice variants of GRK4 were covalently palmitoylated on cysteine [27, 32] . A cluster of cysteine residues at the C-terminus of GRK6 has been mapped as the acylation site [32] . Only mernbrane-associated forms of GRK4 and GRK6 are palmitoylated. Unlike isoprenylation, palmitoylation is a reversible modification and may be stimulusregulated [33] . Thus GRK4 and GRK6 membrane association may be regulated through a cycle of acylation and deacylation. It is expected that palmitoylation affects the activity of these GRKs by regulating enzyme access to mernbrane-bound substrate receptors.
GRK.5 remains an enigma. Although it exhibits significant constitutive membrane association, the mechanism(s) responsible remain unknown. In place of the palmitoylated cysteine residues found in GRKs 4 and 6, GRK.5 has a highly basic domain which has been proposed as a potential phospholipid head-group-binding site [ 11,121. Thus GRK5 membrane association and activity may be regulated through non-covalent binding to membrane lipids rather than by the post-translational modification by lipids as seen for GRK4 and GRK6. However, this remains to be tested. GRKS may yet define a fourth functional class of GRKs.
Conclusion
The various members of the family of GRKs perform a similar cellular function, of phosVolume 24 phorylating and thereby regulating the signalling ability of activated G-protein-coupled receptors. IIowever, the three classes of GRKs utilize highly distinct mechanisms for association with the membrane containing their G-proteincoupled receptor substrates. All these mechanisms involve interactions of GRKs with lipids, either through covalent modification by isoprenoids or fatty acids, or by the non-covalent binding to lipids and isoprenylated (;-proteins.
I his diverse use of lipids and regulatory proteins to control membrane and receptor association is probably required to specifically regulate the mvriad of different signalling pathways being orchestrated by a v e v large family of (;-proteincoupled receptors. 
